The aim of this work is to study the behaviour of Vapour Growth Carbon Fibres (VGCF) with different treatments after the intake and outgassing of hydrogen takes place.
Introduction
The current shortage of mineral energy sources and rising environmental pollution motivate many scientists all over the world to seek new non-polluting energy sources.
Hydrogen energy has attracted great attention because of its extraordinary advantages such as abundant supply and a concomitant reduction of green house gases emission. An efficient hydrogen storage media is desirable for widespread application of fuel cells and for the adoption of hydrogen as an energy source (Schlapbach & Züttel, 2001) .
Hydrogen storage at liquid state is considerably expensive; so the solution is to fabricate hydrogen reservoirs to store it (Schlapbach & Züttel, 2001) . In this way, great attention has been paid to hydrogen absorbent carbonaceous materials (Zubizarreta, Arenillas & Pis, 2009) , especially in the case of carbons that were fabricated from a mixture of hydrocarbon and hydrogen. In these cases, the carbonaceous materials as manufactured have a remarkable content of hydrogen (Michaelson, Ternyak, Akhvlediani, & Hoffman, 2008) whose type of carbon-hydrogen bond depends on the process used to fabricate them (Butler & Sumant, 2008) .
In this work VGCFs (Vapour Grown Carbon Fibres) samples have been studied. The VGCFs are well known carbon microfilaments with the advantage of their reasonable cost (Beck, 1988) . The data that exist in the literature with respect to this type of fibres show the advantageous effect of the treatment with nitric acid in the storage capacity of VGCFs (Vinke, van der Eijk, Verbree, Voskamp, & Van Bekkum, 1994) . They reach a hydrogen sorption capacity of 1.7 % wt. of H 2 which rises up to 2.1 % wt. when the material is treated with nitric acid. However, no information about the required time to absorb and release hydrogen is provided (Shaijumon & Ramaprabhu, 2005) . on the amount of hydrogen stored. To this purpose the electrical resistivity can be used since this physical parameter is related to the amount of hydrogen in the material. In fact, according to the literature, the resistivity decreases with the incorporation of hydrogen to the lattice of amorphous carbons (Voit, Evard & Gabis, 2002; Dasgupta, Demichelis, & Tagliaferro, 1991) . Moreover, the monitoring of electrical resistivity appears in the literature as an advisable technique perfectly suitable for our purposes (Voit et al., 2002; Tóth, Garaguly, Tompa, Lovas, & Varga, 1996) and more adequate than other physical parameters. For instance, it is well known that for the CVD diamond films (Rutledge & Gleason, 1996) the value of the thermal conductivity affects the hydrogen content but, even though its influence is high for a content of H 2 lower than 0.02 wt.%, for higher hydrogen content the influence is no longer appreciable. Besides, the measurement of the resistivity is easier.
In the present work we examine the progress of hydrogen desorption in VGCFs by means of the change in the electrical resistivity during the intake of hydrogen with different thermal treatments to modify the hydrogen content (Li et al., 2008) . Special attention has been paid to the behaviour of the VGCFs after the first charge-discharge cycle.
Materials and Methods

Vapour Grown Carbon Fibres (VGCFs)
The samples used in this study were VGCFs prepared via catalyzed decomposition of a gaseous hydrocarbon that produced a solid carbon deposit in the form of filaments. The germination and growth mechanisms are described according to a vapour-liquid-solid (VLS) process (Madroñero, 1995; Serp, Madroñero, & Figueiredo, 1999) which consists in the formation of a liquid drop of coronene that absorbs hydrogen from the atmosphere composed by a mixture of hydrogen and a hydrocarbon gas. The solidification of this drop produces the carbonaceous VGCF that contains a significant amount of hydrogen .
VGCFs used in this study were produced in a furnace consisting of a horizontal mullite tube of 80 mm of internal diameter and 1 m length. The reactor was externally powered by electrical heating elements controlled by means of a temperature programmer CN616TC1, manufactured by Omega™. The output of the programmer controlled a solid state relay SSR330DC25, made also by Omega™.
Reactants were Hydrogen Premier Plus X50S, 99.999% purity, and Methane X50S, 99.995% purity, both supplied by Carburos Metalicos™. The mixture of both gases and the flow rate control was performed by a mass flow controller AWS-Digital, manufactured by Witt™. The reactants were introduced in the reactor without any pre-treatment (deoxygenating, preheating).
The composition of hydrocarbon was catalysed by an iron catalyst. The fibres were grown on a substrate made of Grafoil® (Le Carbone Lorraine™). Onto this substrate, an ethanolic solution of 0.025 M of nonahydrated ferric nitrate (Fe(NO 3 ) 3 ·9H 2 O) was nebulised.
The ethanol was evaporated by means of drying in an oven at 373 K for 10 minutes. Then, the substrate was covered by many diminute grains of the ferric nitrate. The substrate was situated in the centre of the mullite tube.
The production process consisted of three stages. The first one was carried out in an atmosphere of pure hydrogen at a heating rate of 20 K/min until 1173 K was reached. Then, the temperature was stabilised during 5 minutes. In the third stage, the atmosphere was changed to a mixture of 70% of hydrogen and 30% of methane with a flow rate of 950 cm 3 ·min -1 . The heating rate was 15 K/min until 1425 K was achieved. This process temperature was then kept at 1425 K for 40 minutes.
Finally, the furnace was cooled down under an atmosphere of pure Ar.
The microstructure of this type of fibres has already been described, showing two carbonaceous phases (Madroñero, Verdú, Issi, Martín-Benito Romero, & Barba, 1998; Madroñero, Ariza, Verdú, Brandl, & Barba, 1996) . At the microscopic level, the inner grain shows trunk-tree morphology because during the filament formation the carbon deposit forms concentric cylindrical shells . In the submicroscopic level, it is observed the existence of hard carbonaceous spangles surrounded by amorphous material .
Measurements of electrical resistivity were performed in three types of samples, depending on the preparation procedure:  Sample A: Ex-methane as grown. The diameter of the fibres is 16.8 µm.
 Sample B: Ex-methane grown fibres with further annealing at 1473 K during 2 h in vacuum conditions with a residual atmosphere of Ar (0.5 x 10 -3 bar). The diameter of the fibres is 16.6 µm.
 Sample C: Ex-methane grown fibres subjected afterwards to a superficial acid treatment in HNO 3 for 24 hours. After the acid treatment the fibres were washed in distilled water several times in order to eliminate completely the acid. Then, they were dried in a stove at 373 K during 4 hours. The acid treatment is described in (Vinke et al., 1994; Takagi, Soneda, Hatori, Zhu, & Lu, 2007) . The diameter of the fibres in the case of sample C is 19.1 µm.
The acid treatment is expected to activate the surface promoting changes in the kinetics of hydrogen storage (Zhang et al., 2003) .
Electrical Resistivity Measurements
The resistivity measurements were carried out during the hydrogenation/dehydrogenation process using the four probe method (Hájek, Veselýa, & Cieslara, 2007) . The sample fibres were mounted in a resin frame sheet reinforced with glass fibre. The fibres were attached to the frame by four drops of conductive silver paint (CircuitWorks Conductive Epoxy CW2400) that were used as electrodes. The length of each fibre was established by the frame and the distance between the drops. The thickness of each carbon filament was measured using the diffraction of a laser beam (λ = 642 nm) considering the Fraunhofer diffraction model (Madroñero & Merino, 1998) . The accuracy of the measurements of the diameter of the fibres was ±0.02 μm, which permits an accuracy of the resistivity measurements of 0.1%.
The frame with the samples was placed inside a stainless steel tube of an inner diameter of 1cm which constitutes the working chamber. The system was purged with a slight current of hydrogen to sweep atmospheric gases away. The hydrogen (Hydrogen Premier Plus X50S, purity 99.999%, Carburos Metalicos ® ) was supplied from a gas cylinder.
The charge process by adsorption of hydrogen was carried out in a hydrogen atmosphere with a pressure up to 200 bars. The discharge process was achieved establishing a pressure of 1 bar in the chamber. The resistivity of the carbonaceous filaments was monitored during both processes using a measurement system model SR830 DSP made by Stanford Research Systems ® .
A scanning electron microscope (SEM) Hitachi S2100, has been used to observe the morphology of selected fibres.
Results and Discussion
Relationship between Electrical Resistivity and Hydrogen Content
As mentioned above, the electrical resistivity of carbon fibres depends on their hydrogen content, as it has been described for amorphous carbons (Dasgupta et al., 1991) and crystalline carbons (Liu et al., 2007) . In fact, it is usual to track the hydrogenation process through the measurement of the electrical resistivity in metallic compounds (Tóth, Garaguly, Trompa, Lovas & Varga, 1996) . It has been proposed that this variation occurs because the carbon bonds broken during desorption process create traps for the free electron carriers which are neutralised in the hydrogen intake process. This is in agreement with our experimental results, where the resistivity decreases during the hydrogen adsorption and increases during the desorption process (Figures 1-3 ).
Looking for an easy interpretation of the plots, in the following figures the fitting is also included, for comparison purposes. 9.68x10 -6
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Mathematical Fitting
In order to compare the effect of the different treatments in the VGCFs, the experimental results were fitted to a mathematical expression.
It is known that VGCFs shows a semiconductive character (Liu, Ji, Zhang, Yang, & Xu, 2008) . This is equivalent to say that the electrical resistivity of these fibres is very sensitive to the number of electrical carriers. Therefore, we can follow the model of Romanenko et al. (2007) based onto the influence of the absorption of hydrogen in the nanocavities of Multi-Walled Carbon Nanotubes (MWCNT) on their electrical resistivity. These MWCNTs have a similar grain to the fibres studied in the present work.
As in these fibres two types of nanocavities exist, it is necessary to admit that the adsorbed hydrogen can be fixed on a surface pore or in inner nanocavities. Therefore, in the present case the proper mathematical model would be an expression constituted by the sum of two similar curves with two different energy figures.
Hence, the following empirical expression was chosen to carry out the fitting of the results:
Where ρ is the electrical resistivity, t is the time, and T 1 and T 2 correspond to the expressions:
R 1 , R 2 and ρ 0 are constants related to the mechanism of hydrogen fixation and the effect of the structure of the carbon crystallographic plains, while t 1 and t 2 are representatives of the time taken in the charge/discharge process.
The Equation (1) is chosen with two terms because it is frequent that the hydrogen atoms adsorbed in carbons are bonded with two different energies. For instance, the hydrogen captured in graphite mechanically milled is desorbed through two thermal windows around 650 K and 900 K ( The resistivity measurements carried out during the hydrogen intake and outgassing processes in the three samples, A, B and C, are shown in Figures 1a, 2a and 3a , respectively, together with their respective fitting curves. As it can be seen, all the fittings of the evolution of the resistivity with expression (1) were very satisfactory in all cases.
In order to check that the changes in the resistivity were due to the hydrogen intake and not caused by mechanical deformations in the electric contacts due to the pressurization of the gas, the process was repeated using helium instead of hydrogen. As a result, no variation in the resistivity was obtained, so the changes in the resistivity during the process can be directly associated to the effect of the hydrogen adsorption and its release.
Hydrogen Outgassing Process: Electrical Resistivity and Discharge Time
The application of the expression (1) to the discharge process of sample A gives the following result:
Where:
Given the exponential behaviour, let us define the time of discharge when the 99% of the resistivity increase has been achieved. Applying this criterion to the results obtained in sample A, the time necessary for a complete discharge would be about 4000 minutes (~67 hours).
The equation of the asymptote of the expression (1) is:
If we consider Equation (4), the resistivity of the sample after a complete discharge process is Ψ A =2.559·10 -5
Ω·m.
Proceeding similarly with sample B, it was also checked that the increase of the pressure did not affect the resistivity under inert atmosphere.
The response of the electrical resistivity during the hydrogen discharge process has been fitted to expression (1) (see Figure 2) . In this case, the duration of the discharge process is 3692 minutes (~62 hours) and a final resistivity is Ψ B =2.478·10 -5 Ω·m.
Desorption time of sample B is slightly lower than that of sample A (~8%), which seems to be of little advantage concerning the time of discharge. Moreover, since the resistivity values of both samples are very similar, we can establish that the annealing process has produced little alterations with no significant influence on the hydrogen release.
Finally, regarding the effect of the nitric acid (sample C), we have to highlight that the SEM images taken before (Figures 4a and 4c ) and after the treatment (Figures 4b and 4d) shows that the acid affects only to the surface of the fibres as intended, remaining the core-shell structure of the as-grown fibres. The Figure 4a corresponds to the SEM characterization of this type of VGCFs previously described in Madroñero, Ariza and Verdu (1996) . The expression of the fitting of the discharge process of sample C is the following:
As a result, a discharge time of 2300 minutes (~38 hours) is obtained, which means, as intended, that the treatment with nitric acid activates the surface and shortens the outgassing kinetics of hydrogen a 43%. The value of the resistivity after the complete discharge process is Ψ C =9.802·10 -6 Ω·m which is lower than those obtained in samples A and B.
Second Charge-Discharge Cycle
Although the reduction in the discharge time is remarkable, it is still slower than that the discharge time exhibited by other carbon-based materials, as it is the case of Carbon Nanotubes (CNT), which shows a complete discharge in less than 500 min (C. Liu, Fan, M. Liu, Cong, & Cheng, 1999) . Anyway, Liu et al. (1999) do not show the behaviour of these CNTs after the first discharge process. In order to test the response of the acid treatment in successive charge and discharge processes a second cycle was carried out in sample C, as well as in the as-grown material (sample A), for comparison purposes. Both results can be found in Figures 5 and 6 , respectively. 9.64x10 -6
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9.84x10 Applying the Equation (1) to the second discharge process carried out in sample A, a discharge time of ~4700 min (~78 hours) is obtained, which is a ~17% longer than the one obtained in the first cycle. The value of the resistivity at the end of the discharge process, however, remains almost the invariable (Ψ A =2.556·10 -5 Ω·m). This invariance of the final resistivity value is an indicator that, although the kinetics of desorption is slower, the hydrogen storage capacity of the material remains the same.
Regarding the sample C (Figure 6 ), a discharge time of 5020 min (~83 hours) is obtained for the second cycle, which is a factor 2 higher than the discharge time calculated for the first one. The value of the final resistivity is essentially the same as that obtained in the previous cycle (Ψ C =9.851·10 -6 Ω·m). In this case, as it occurred with sample A, the constant value of the final resistivity points to the same hydrogen absorption. However, it is clear that although the effect of the acid treatment in the VGCF remains in further cycling as shown by the lower resistivity values with respect to sample A (as grown material), the advantage of a reduced discharge time is lost after the first desorption process.
In our opinion it is important to highlight that all these measurements and therefore the desorption processes provide the behaviour of VGCFs at room temperature. This is a significant fact in order to make a possible forecast of the use of these adsorbent materials in hydrogen reservoirs for automotive industry or for large installations involved in energy production.
The reduced time of discharge of sample C with respect to sample A in the first cycle is a very interesting result, which would be suitable in applications where an adsorbent material is needed to work as a one-use industrial hydrogen reservoir, for instance, an emergency kit constituted by an absorbed hydrogen tank plus a fuel cell to work as a reservoir of electric power.
Adsorption Mechanism Discussion
The model of the adsorption of hydrogen on VGCFs was shown in a previous work (Madroñero, Ariza, & Verdú, 1995) . The results of the present study permit to obtain additional information on the adsorption kinetics of the hydrogen in the studied fibres.
In the literature two basic mechanisms are described that explain the localization of the hydrogen in carbonaceous solids:
On the one hand, it is well known that the pores in the surface produced by the finishing treatment enhances C-H 2 interactions and, thus, increases the H 2 storage capacity (Yushin, Dash, Jagiello, Fisher, & Gogotsi, 2006) . For this reason, the fibres of the sample C show a rapid adsorption on its surface.
On the other hand, the atomic hydrogen can react with the graphene plains, with a transformation of a highly conductive semimetal into an insulator (Elias et al., 2009) . Accordingly, it is found that after intercalation atomic hydrogen is stored among graphene layers in H 2 gas form, captured inside graphene blisters (Waqar, 2007) .
The same behaviour as in graphene is observed in benzene and coronene (Ma, Michaelis, & Alfè, 2011) , which is the main constituent of the fibres studied in the present work (Madroñero, 1995) . These processes determine the adsorption and desorption of hydrogen (Waqar, 2007) .
Bulk and Surface Hydrogen
If we compare the rate of adsorption when the intake of hydrogen starts (ρ'(t=0)), that is to say that the different slope of the tangent to the plot in Figures 1b and 1c points out that ρ' is an adequate parameter to represent the intensity of the physical mechanisms that controls the hydrogen diffusion.
The derivative of the Equation (4) is:
In the same way, the derivative of Equation (8) 
The comparison of the Equations (16) and (18) shows that T 1 are similar for both samples, but T 2 is not. For this it is reasonable to suppose that T 1 represents to the hydrogen loaded in the bulk of the fibre and T 2 and represents the hydrogen located in the surface pores. The same order of magnitude between (14) and (17) is due to in the bulk of fibre the confinement of the hydrogen takes place in the coronene blisters. This is similar for the samples A and C.
We believe that the used technique consisting of the monitoring of the electrical resistivity is more adequate than the conventional practice of evaluating the outgassing of hydrogen by Thermogravimetric Analysis (TGA); in Broom (2007) the disadvantages of TGA for this kind of materials are described.
It would be interesting to continue with future studies about the capacity to store hydrogen in the groups of materials that are candidates for these applications (organometallic frameworks, carbonaceous materials, metal hydrides, etc). It is especially important to consider the speed of the charge and discharge and the variation of the storage capacity in successive cycles. This line of research is especially interesting in the way towards hydrogen economy because the most relevant and unsolved milestones are the kinetics of intake and outgassing of hydrogen in solid adsorbents and their repeatibility of charge-discharge cycles.
Conclusion
According to the results of the present work, it is possible to conclude that: -The described annealing process does not affect either the speed of the discharge or the storage capacity appreciably.
-The acid treatment modifies the peripheral region which improves highly the kinetics of the discharge in the first cycle.
-This work agrees with the existence of two types of nanocavities where the hydrogen can be located. For this reason, the fitting curve that represents the variation of the charge is constituted by two components.
-The significant duration of the discharge processes suggests that if Vapour Grown Carbon Fibres were used as industrial hydrogen storages, they would be suitable for large storages included in great energy production installations. Contrarily, the discharge time turns out to be excessive looking to the application in vehicles/automotive industries.
